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This is a continuation-in-part of U.S. Patent Application 09/586,406 filed June 2, 



2000. 



Field of the Invention 
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The present invention relates to semiconductor lasers and light emitting diodes, and 



more particularly, to an improved device architecture that increases the efficiency of such 



The development of short wavelength light emitting devices is of great interest in the 
semiconductor arts. Such short wavelength devices hold the promise of providing increased 
storage density for optical disks as well as full-color displays and white light sources when 
used in conjunction with devices that emit light at longer wavelengths. For example, blue 



20 lasers are expected to increase the storage density of optical disks by a factor of three. 

One promising class of short wavelength light emitting devices is based on group HE- 
V semiconductors, particularly group HI nitride semiconductors. As used herein, the class of 
group HI nitride semiconductors includes GaN, A1N, InN, BN, and alloys thereof, such as 
GalnN, AlGaN, and AlGalnN. To simplify the following discussion, "GaN semiconductors" 
25 includes GaN, and group m nitride semiconductors whose primary component is the GaN as 
in GalnN, AlGaN, AlGalnN. 

Light emitting diodes (LEDs) and semiconductor laser diodes are fabricated on 
epitaxially grown layers of GaN and related alloys of semiconductor materials including an 
active layer that generates light by recombining holes and electrons. The active layer is 
30 sandwiched between p-type and n-type contacts to form a p-n or n-p diode structure. A p- 
electrode and an n-electrode are used to connect the p-contact and n-contact, respectively, to 




devices. 



Background of the Invention 



the power source used to drive the device. The overall efficiency of the device may be 
defined to be the light emitted to the outside per watt of drive power. To maximize the light 
efficiency, both the light generated per watt of drive power in the active layer and the amount 
of light exiting from the device in a useful direction must be considered. 

GaN based LEDs and laser diodes (LDs) are fabricated by epitaxy techniques where 
the LED or LD layer structure is grown "p-up" on top of a relatively thick n-type GaN (or 
AlGaN) buffer layer which is typically grown on a sapphire or SiC substrate. The individual 
devices are then defined by a mesa etch through the p-n junction. The anode or p-type contact 
metal is applied to the top of the mesa and the specific resistance of the Schottky contact is 
minimized by the use of a large work-function metal such as Ni or Pd and by the use of very 
high p-type doping in the topmost regions of the p-type layers. For the conductive n-type SiC 
substrate, the cathode is a large-area ohmic contact formed by metallizing the substrate back 
surface. In the case of the non-conducting sapphire substrate, the cathode or n-type contact 
metal is applied in the field close to the mesa edge to provide a lateral current flow through 
the thick n-type buffer layer to the p-n junction within the mesa. 

There are several drawbacks to this conventional design. First, p-type GaN is very 
resistive compared to other common semiconductors even when grown under optimized 
conditions. As a result, there is virtually no lateral current spreading in p-type GaN. To 
overcome this lack of current spreading, conventional p-up LEDs require a semi-transparent 
metal electrode that covers the p-contact to provide the lateral current spreading. This 
electrode reduces that amount of light that leaves the device, and hence, reduces the 
efficiency. In p-type AlGaN, the resistivity is even higher, increasing with increasing Al 
mole-fraction. Thus the p-type AlGaN layer in laser diodes used for optical wave-guiding 
causes further resistive heating that degrades laser performance. 

Secondly, the m-V materials, in their wurtzite or hexagonal crystalline form, exhibit 
large spontaneous polarization charges at heterointerfaces and strong piezoelectric effects at 
lattice mismatched heterointerfaces, especially when grown along the [0001] crystal 
orientation or c-axis as is usually the case. The direction of the resulting polarization field is 
such that it adversely affects the optical recombination rate in a conventional p-up device. 



All prior nitride-based pn junctions, which have been created for purposes of efficient 
light emission, have been grown by OMVPE, and include InGaN quantum wells which 
concentrate the electrons and holes together to achieve a large pn product and efficient 
radiative recombination. As a consequence of OMVPE growth kinetics, the growth along the 
wurtzite c-axis occurs with the so-called gallium-face exposed at the surface. This crystal 
orientation fixes the orientation of the polarization fields at any InGaN/GaN quantum wells in 
the structure. In all devices reported to date, these fields have been opposed to the built-in 
field of the pn junction, whose direction is fixed by the n-layer always being grown first. 

Broadly, it is the object of the present invention to provide improved LEDs and 
semiconductor lasers based on group ni-V semiconductors. 

It is a further object of the present invention to provide light emitting devices with 
increased light output efficiency. 

These and other objects of the present invention will become apparent to those skilled 
in the art from the following detailed description of the invention and the accompanying 
drawings. 

Summary of the Invention 

The present invention is an optical semiconductor device and method of making the 
same in which the device has an active layer for generating light via the recombination of 
holes and electrons therein. The active layer includes a plurality of semiconductor layers 
including an n-p junction between an n-type layer and a p-type layer. The active layer has a 
polarization field therein having a field direction that depends on the orientation of the active 
layer when the active layer is grown. In the present invention, the polarization field in the 
active layer has an orientation such that the polarization field is directed from the n-layer to 
the p-layer. Including a reverse bias tunnel diode in the optical device can provide the desired 
field orientation. In other embodiments, the field orientation is achieved by growing the 
active layer on a substrate that induces growth in a manner that provides the desired field 
direction. In one embodiment, the device is grown on a substrate having a crystalline axis at 
an angle to the Ga- and N- faces of GaN-based layer. 
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Brief Description of the Drawings 

Figure 1 is a perspective view of an edge-emitting semiconductor laser 10. 

Figure 2 is a prospective view of a laser 350 according to one embodiment of the 
present invention. 



Figure 3 is a cross-sectional view of the optical semiconductor device 50 according to 
1 0 another embodiment of the present invention 



li 



Detailed Description of the Invention 



p J The manner in which the present invention provides its advantages may be more 

easily understood with reference to Figure 1, which is a perspective view of an edge-emitting 
semiconductor laser 10. Laser 10 is an example of a specific laser geometry that facilitates 
low threshold and single lateral mode operation. Laser 10 is constructed on a substrate 1 1 by 
growing a number of epitaxial layers on substrate 1 1 . For GaN lasers, the n-type layers are 
typically constructed first. The first layer is the n-contact layer 12 followed by an n-cladding 
20 layer 13. The active layer consisting of a guide layer 14, the light generation layer 15, and a 
second guide layer 16 are then deposited. A p-cladding layer 17 and a p-contact layer 18 are 
then deposited on the p-guiding layer 16. A metallic electrode layer 19 is deposited on the p- 
contact layer to provide one of the electrical connections. The layered stack is then etched to 
form the ridge structure shown at 21 and to expose the n-contact layer on which metallic 
25 electrode 20 is deposited. The light is confined to region 22 by the cladding layers and ridge 
structure. 



Prior-art nitride-based pn junctions that have been created for purposes of efficient 
light emission, have been grown by OMVPE, and include InGaN quantum wells that 
30 concentrate the electrons and holes together to achieve a large p-n product and efficient 

radiative recombination. As a consequence of OMPVE growth kinetics, the growth along the 
wurtzite c-axis occurs with the so-called gallium-face exposed at the surface. This crystal 
orientation fixes the orientation of the polarization fields at any InGaN/GaN quantum wells in 



the structure. In all devices reported to date, these fields have been opposed to the built-in 
field of the pn junction, whose direction is fixed by the n-layer always being grown first. 

The present invention is based on the observation that this relative orientation between 
the pn junction and the intense heterostructure polarization field in the InGaN wells is 
deleterious, and that the resultant reduction in efficiency is large. This field depletes electrons 
from the n-side of the InGaN wells, depletes holes from the p-side of the InGaN wells, and 
reduces fhepn product in the wells, which dramatically reduces the desired radiative 
recombination. 

If the orientation of this heterostructure polarization field were reversed, thepn 
product in the wells is increased, with a resultant increase in device efficiency. In addition, 
the penetration of both carriers beyond the well is drastically reduced. This increased carrier 
confinement also improves the device efficiency. 

There are many ways of realizing the performance advantage that results from 
reversing the direction of carrier transport relative to the polarization field. First, the devices 
can be constructed with a p-down light-emitting junction. In a conventional GaN pn junction 
light-emitting device, the n-layer is always grown first, and the n-type GaN provides current 
spreading under the device. The lateral conductivity of p-type GaN is generally too low for 
this purpose. In addition, the commonly used p-type dopant (Mg) will spread into the upper 
regions of the structure during subsequent processing steps if it is introduced in the lower 
regions making its profile difficult to control. Further, the p-dopant causes surface 
roughening and other degradation that reduces the quality of material in layers located above 
the p-doped region. For all of these reasons, workers in the field have always avoided a p- 
down structure. 

In this embodiment of the present invention, these problems are overcome by growing a 
heavily-doped p++/n-H- junction on an n-type current spreading layer. This method has the 
additional advantage of providing n-type layers for current spreading on both sides of the 
junction, and hence, avoids the current spreading problems of prior art devices. 



Refer now to Figure 2, which is a prospective view of a first embodiment of a laser 
350 according to the present invention. Laser 350 utilizes a reverse bias tunnel diode to 
enable an upside-down arrangement in which the polarization field points in the proper 
direction to provide increased current confinement. Laser 350 is constructed by depositing an 
n-contact layer 3 1 2 on a sapphire substrate 3 1 1 . An n-cladding layer 3 1 3 is then deposited on 
n-contact layer 312 and a p-cladding layer 327 is deposited on n-cladding layer 313. The 
reverse-biased tunnel diode junction is located at the interface of layers 327 and 313 in this 
embodiment of the present invention. The construction of such reversed-bias tunneling 
diodes is discussed in detail in U.S.Patent Application Serial No.: 09/586,406, which is 
hereby incorporated by reference, and hence, will not be discussed in detail here. 

The active region consisting of p-guide layer 314, active layer 315, and n-guide layer 
316 is then deposited. A second n-cladding layer 317 and a second n-contact layer 318 are 
then deposited. The layered stack is then etched to provide ridge region 321 on which an n- 
electrode 319 is deposited. The second electrical contact 320 is deposited on the first n- 
contact layer after the stack is etched back to expose layer 312. Electrode 320 is also an n- 
electrode. Since the resistivity of the n-contact layer 3 12 is much lower than that of the p- 
contact layer used in a conventional laser, the current spreading problems associated with a 
conventional upside-down laser are eliminated. This also applies to LEDs, which are similar 
in layer structure but without the AlGaN cladding layers. In the case of LEDs, the better 
carrier confinement obtained with the polarization field reversed relative to the direction of 
carrier flow, results in less carrier overflow, and hence, increased quantum efficiency at 
higher current density. This results in a considerable cost advantage by increasing the amount 
of light flux emitted per unit chip area. 

While the discussion of laser 350 utilized a specific location for the reverse bias 
tunnel diode, it will be obvious to those skilled in the art from the preceding discussion that 
other locations can be utilized without deviating from the teachings of the present invention. 
For example, the reverse bias tunnel diode can be placed anywhere between the active region 
and the n-contact. 

The second method for reversing the direction of the polarization field utilizes a GaN 
starting layer that has a reversed c-axis, i.e., with the nitrogen-face exposed. In the following 



discussion, the term "reversed c-axis substrate" refers to a substrate with the nitrogen-face 
exposed. If bulk GaN substrate is available, the nitrogen-face of the bulk GaN 0001 substrate 
may be utilized. In the absence of such substrates, a GaN layer is grown on a sapphire 
substrate with the conventional c-axis orientation. The layer is then removed from the 
original substrate, turned over to provide a starting layer having the nitrogen-face exposed 
and affixed to an appropriate substrate or carrier to provide support during the subsequent 
processing. The laser or LED is then constructed in the conventional manner on this reversed 
c-axis n-doped layer to provide a structure that is similar to that shown in Figure 1, except for 
the crystal-orientation of the material in the GaN layer 12. 

This embodiment of the present invention is based on the observation that the GaN at 
the GaN/sapphire interface can be decomposed by exposing the GaN at the interface to UV 
light in the range of power densities of 5-20 megawatts/cm 2 at a wavelength of 248 nm. The 
GaN is opaque to UV at this wavelength. Sapphire, on the other hand, is transparent to UV 
light with a wavelength of 248 nm. Hence, UV light directed at the GaN/sapphire interface 
through the sapphire substrate heats the layer of material at the interface. The GaN is heated 
to a temperature at which it decomposes the GaN into Ga and N. This procedure has been 
used to separate GaN thin films from sapphire (W. Wong, T. Sands; 10 th Conference on 
Semiconductor and Insulating Materials, June 1998, Berkeley, Ca, paper Th2.2). This 
technique, of course, assumes that the GaN layer is sufficiently thick to be self-supporting. 

In a third embodiment of the present invention, the reversed c-axis starting layer 
discussed above is obtained by growing a "seed layer" with the reversed c-axis by a technique 
such as MBE. The "conventional" device structure is then grown on this "polarization- 
reversed substrate". Again, the doping can now be p on top and n on the bottom and still 
provide the correct orientation of the polarization field. Methods for growing such inverted 
structures are known to the art. The reader is directed to M J. Murphy, et al, "Molecular 
beam epitaxial growth of normal and inverted two-dimensional electron gases in AlGan/GaN 
based heterostructures", J. Vac. Sci. TechnoL B., 17(3), May-June 1999, which is hereby 
incorporated by reference. 

In a fourth embodiment of the present invention, a different crystal orientation in 
which the polarization field is in the proper orientation is provided by selectively etching or 
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growing a surface on a conventional device to provide a growth surface on a crystal face 
having the proper orientation. Refer now to Figure 3, which is a cross-sectional view of the 
optical semiconductor device 50 according to another embodiment of the present invention in 
which only the layers related solely to light emission and absorption have the desired facet 
orientation. Device 50 is constructed by growing an n-type GaN contact layer 53 and an n- 
type AlGaN cladding layer 54 on the {0001} plane orientation on the substrate 51 such as 
SiC or GaN based on conventional technology. Next, by selective growing or selective 
etching, a new plane is exposed or formed. The GalnN/GaN or GalnN/GalnN strained 
multiple quantum well layer 55 is then formed by repeating the crystal growth on this new 
plane. 

Next, the remaining p-type AlGaN cladding layer 56 and the p-type GaN contact layer 
57 are successively deposited and formed. The p-type AlGaN cladding layer 56 and the p- 
type GaN contact layer 57 change the crystal structure back to that corresponding to the 
{0001} plane from the facet orientation of the well layer 55 and become layers with specific 
thicknesses. The n-electrode 58 and the p-electrode 59 are formed as the electrodes on the n- 
type GaN contact layer 53 and the p-type GaN contact layer 57, respectively. The growing 
surfaces 55A, 55B on both sides of the GalnN strained multiple quantum well layer 55 are the 
desired plane, i.e., the plane for which the polarization has the desired orientation. The p-type 
AlGaN cladding layer 56 and the p-type GaN contact layer 57 become flat growing surfaces. 
To simplify the next process, it is advisable that they be several microns thick. In the 
preferred embodiment of the present invention, an A1N buffer layer 52 is grown on the 
substrate 51. 

While the present invention has been described in terms of GaN devices, it will be 
obvious to those skilled in the art from the preceding discussion that the invention is 
applicable to any material system in which polarization fields (or polarization charges) appear 
when heterostructures are fabricated. For example, the present invention is applicable to any 
heterostructure device, which incorporates adjunction, or a metal-semiconductor junction, 
with a built-in field. Examples of such devices include LEDs, resonant cavity LEDs, edge- 
emitting lasers, and VCSELs. 



Various modifications to the present invention will become apparent to those skilled 
in the art from the foregoing description and accompanying drawings. Accordingly, the 
present invention is to be limited solely by the scope of the following claims. 



